More than 60% of low-grade non-invasive papillary urothelial cell carcinomas contain activating point mutations of fibroblast growth factor receptor 3 (FGFR3). The phenotypic consequences of constitutive activation of FGFR3 in bladder cancer have not been elucidated and further studies are required to confirm the consequences of inhibiting receptor activity in urothelial cells. We measured FGFR3 transcript levels and demonstrated that transcript levels were significantly more abundant in lowstage and grade tumours. We identified a tumour cell line, 97-7, expressing the most common FGFR3 mutation (S249C) at similar FGFR3 transcript levels to low-stage and grade tumours. In these cells, S249C FGFR3 protein formed stable homodimers and was constitutively phosphorylated. We used retrovirus-mediated delivery of shRNA to knockdown S249C FGFR3. This induced cell flattening, decreased cell proliferation and reduced clonogenicity on plastic and in soft agar. However, no effects of knockdown of wild-type FGFR3 were observed in telomerase immortalized normal human urothelial cells, indicating possible dependence of the tumour cell line on mutant FGFR3. Re-expression of S249C FGFR3 in shRNA-expressing 97-7 cells resulted in a reversal of phenotypic changes, confirming the specificity of the shRNA. These results indicate that targeted inhibition of S249C FGFR3 may represent a useful therapeutic approach in superficial bladder cancer.
Introduction
Urothelial cell carcinoma (UCC) of the urinary bladder is the fifth most common cancer in industrialized countries (Parkin et al., 2005) . Molecular and pathological studies suggest that low-grade non-invasive, and highgrade invasive UCC, arise via distinct pathways (Wu, 2005; Knowles, 2006) . Low-grade non-invasive UCC represent the majority of tumours at presentation. A high proportion of patients with low-grade UCC develop recurrences but usually with no progression to invasive disease (Holmang et al., 1995; Kurth et al., 1995) . The high rate of recurrence requires intensive monitoring by cystoscopy, which is an uncomfortable, invasive and expensive procedure, placing a heavy burden on both patients and health care providers. For these patients the development of non-invasive tests for recurrence and targeted therapies to prevent recurrence are needed. Invasive tumours (pT2 or greater) appear to arise from high-grade carcinoma in situ. Patients who present with invasive disease have a much worse prognosis, with a 50% 5-year-survival, and therefore the development of effective systemic therapies is highly desirable.
These two phenotypic pathways to tumour development are also distinguished by specific genetic alterations. High-grade invasive UCC tend to have multiple and complex genomic changes and show functional defects in the p53 and Rb pathways. In contrast, few genetic changes have been identified in low-grade superficial UCC. The most common are loss of heterozygosity on chromosome 9 and mutations in fibroblast growth factor receptor 3 (FGFR3). Mutations of FGFR3 are significantly associated with low tumour stage and grade with a frequency >60% in Ta tumours (Billerey et al., 2001; van Rhijn et al., 2001 ). The same mutations, which cause constitutive activation of FGFR3, are found in autosomal-dominant heritable disorders of skeletal development (Webster and Donoghue, 1997) .
FGFs and their receptors play important roles in many biological processes including embryonic development, wound healing, haematopoiesis and angiogenesis. The FGFR family comprises four main members of high-affinity receptors (FGFRs1-4). These consist of a core structure containing an extracellular domain, a hydrophobic transmembrane domain and an intracellular kinase domain. FGF ligands bind to the extracellular domain resulting in receptor dimerization and activation. The receptors and their isoforms are expressed in a cell-and tissue-specific manner, which reflects their differential roles in different tissues and cell lineages. In normal bladder cells, two major isoforms of FGFR3 have been identified; FGFR3b and FGFR3 D8-10. FGFR3b is the full-length receptor and FGFR3 D8-10 is a soluble isoform that can act as a dominant negative regulator of FGF1-induced proliferation . A second full-length FGFR3 isoform, FGFR3c expressed by mesenchymal cells (Scotet and Houssaint, 1995) , is produced by alternative splicing of exons 8 and 9 and binds a wider range of FGF ligands than FGFR3b (Ornitz et al., 1996) . Although this isoform is not detected in normal urothelial cells, altered expression of FGFR3 isoforms has been observed in bladder cancer cell lines, many of which show a decrease in FGFR3 D8-10 expression and an isoform switch from FGFR3b to FGFR3c .
Mutated FGFR3c isoforms show transforming ability in NIH-3T3 cells (Hart et al., 2000 (Hart et al., , 2001 Chesi et al., 2001; Ronchetti et al., 2001) and a recent study has demonstrated that the most common mutant form of FGFR3b found in bladder cancer (S249C) is also able to transform NIH-3T3 cells, inducing anchorage-independent growth and tumour formation in nude mice (Bernard-Pierrot et al., 2006) . Although transforming ability of this mutant form has not yet been demonstrated in urothelial cells, the combined evidence of high frequency of somatic mutation in bladder cancer and transforming ability in rodent fibroblasts, indicates that mutation of FGFR3b is a key event in the pathway leading to low-grade superficial bladder cancer and is potentially a good therapeutic target.
In addition to bladder carcinoma, mutations of FGFR3 identical to those found in skeletal dysplasia syndromes have been identified in multiple myeloma (Chesi et al., 2002) , cervical carcinoma (Cappellen et al., 1999) and benign skin tumours (Logie et al., 2005) . Increased expression of wild-type FGFR3 is also found in multiple myeloma. Around 10-20% of myeloma patients show a t(4;14)(p16;q32) that translocates FGFR3 on chromosome 4 into the IgH locus on chromosome 14, resulting in some cases, in overexpression of FGFR3 (Chesi et al., 1997 (Chesi et al., , 1998 Richelda et al., 1997) . Inhibition of FGFR3 in t(4;14) multiple myeloma cell lines, by receptor tyrosine kinase inhibitors, antibodies and RNA interference induces cytostatic and cytotoxic responses (Grand et al., 2004; Paterson et al., 2004; Trudel et al., 2004 Trudel et al., , 2005 Trudel et al., , 2006 Chen et al., 2005; Zhu et al., 2005) . Thus targeting either mutant or overexpressed wild-type FGFR3 appears to be a valid therapeutic approach in multiple myeloma.
Recent studies have demonstrated that not only is FGFR3 mutated but FGFR3 protein is also overexpressed in UCC (Gomez-Roman et al., 2005) . Both increased expression of wild-type isoforms and altered ligandbinding affinity via isoform switching, could lead to unregulated signalling with similar effects to mutational activation. Indeed, initial studies suggest that targeting FGFR3 that is highly expressed or mutated, may be a valid therapeutic approach for bladder cancer (MartinezTorrecuadrada et al., 2005; Bernard-Pierrot et al., 2006) .
To date, no study has examined the effect of targeted inhibition or downregulation of the most common mutant form of FGFR3 (S249C) found in bladder cancer. Here, we have assessed the phenotypic consequences of specific inhibition of FGFR3 in normal urothelial cells and in bladder tumour cells with the S249C FGFR3 mutation. We examined the relationship of FGFR3 expression levels to tumour stage and identified a cell line with FGFR3 mutation that expresses FGFR3 at similar transcript levels to low-stage UCC. We used an shRNA retrovirus to stably knock down FGFR3 and examined the effects on the phenotype of these mutant cells and of normal urothelial cells. Our results are consistent with an oncogenic role for mutant FGFR3b and demonstrate the potential of targeting FGFR3 as a therapy to prevent recurrence in low-stage superficial bladder cancer and to treat tumours of all grades and stages that show overexpression and/or mutation of FGFR3.
Results

Association of FGFR3 expression levels with tumour stage and grade
To examine the effects of downregulation of mutant FGFR3b it was important to use a bladder cancer cell line that was representative of the type of bladder tumours that have FGFR3 mutation. Numerous reports have demonstrated that FGFR3 mutation is most frequent in low-stage and grade bladder cancers (Kimura et al., 2001; van Rhijn et al., 2001; Bakkar et al., 2003) and these tumours express increased levels of FGFR3 (Gomez-Roman et al., 2005) . To identify a bladder cancer cell line that expressed similar levels of FGFR3 to low-stage and grade bladder tumours, we measured FGFR3 transcript levels in bladder tumours and bladder cancer cell lines by real-time reverse transcriptase-polymerase chain reaction (RT-PCR) (Figure 1 ). We have previously demonstrated that transcript levels measured by real-time RT-PCR represent protein levels in bladder cell lines . We examined FGFR3 transcript levels in 34 pTa, 19 pT1 and 12 pT2 tumours. Levels of FGFR3 in pTa, pT1 and pT2 tumours were increased by 5.8-, 4.8-and 1.3-fold, respectively, compared to normal human urothelial cells (NHUC) (Figure 1a ). Superficial bladder tumours (pTa and pT1) expressed significantly higher levels of FGFR3 than invasive carcinomas (Student's t-test, Po0.005). FGFR3 levels were also higher in grade 2 compared with grade 3 tumours (Po0.05) (Figure 1b) . Eighty five percent (23 of 26) of bladder cancer cell lines expressed lower levels of FGFR3 than NHUC (Figure 1c) . Three of the cell lines have been found to contain FGFR3 mutations (Sibley et al., 2000; Jebar et al., 2005) . These are 97-7 (S249C), 97-29 (S249C) and J82 (K652E). The cell line 97-7 was used in subsequent experiments as it contained the most frequently identified mutation in bladder cancer (S249C) and expressed similar levels of FGFR3 to low stage and grade tumours. This cell line was established from a T1 grade 2/3 primary tumour and was shown to contain a FGFR3 as therapeutic target in bladder cancer DC Tomlinson et al mutation in TP53 (Sarkar et al., 2000) . We have shown previously that this line does not contain a Ras gene mutation (Jebar et al., 2005) .
Establishment of stable FGFR3 knockdown by retrovirally-delivered shRNA Knockdown of transcripts using small hairpin RNA (shRNA) is a powerful tool for studying gene function. We subcloned a human U6 promoter (Matsukura et al., 2003) into the retroviral vector pRS-puro. Eight shRNAs targeting FGFR3 were designed and tested in 97-7 cells. A non-specific shRNA was constructed and used as a control for shRNA transduction. Only one shRNA was effective and this knocked down FGFR3 transcript levels by 91% ( Figure 2a ). FGFR3 protein levels were reduced in cells expressing the shRNA at weeks 3 and 7, demonstrating efficient and stable knockdown ( Figure 2b ).
S249C mutation stabilizes receptor dimerization and leads to constitutive phosphorylation
The 97-7 cell line contains a heterozygous S249C FGFR3 mutation (Jebar et al., 2005) . To confirm that the FGFR3 transcripts in these cells contain the mutation, we performed RT-PCR across exon 7 and sequenced the product. FGFR3 transcripts were homozygous for the S249C mutation (data not shown). This suggests that only the allele containing the mutation is expressed. The cysteine residue in the S249C mutant receptors may allow disulphide bonds to form between the extracellular domains of mutant monomers, thus inducing activation. The presence of mutant cysteine residues in the Ig2-Ig3 linker domain or the transmembrane region of FGFR3c results in abnormal dimerization and ligand-independent activation (d 'Avis et al., 1998; Adar et al., 2002) . We demonstrated that the mutant FGFR3b protein in 97-7 formed stable dimers unlike the wild-type receptor in telomerase immortalised normal human urothelial cells (TERT-NHUC) ( Figure 3a ). Dimerization of FGFR3 is predicted to result in receptor phosphorylation. We examined the phosphorylation status of wild-type FGFR3b expressed in TERT-NHUC and S249C FGFR3b expressed in 97-7 cells by immunoprecipitation and Western blotting ( Figure 3b ). S249C FGFR3b had a higher phosphorylation level than wild-type FGFR3b. Knockdown of S249C FGFR3b alters cell morphology, inhibits proliferation and decreases colony-forming ability 97-7 cells expressing the shRNA developed a flattened appearance ( Figure 3c ). Cell flattening was not observed in control cells transduced with the empty vector (data not shown) or the non-specific shRNA control ( Figure 3c ). We performed immunofluorescence for atubulin to compare the cytoskeleton of 97-7 knockdown cells (Figure 3d ). The a-tubulin distribution highlights the changes in cell morphology of shRNA treated 97-7 cells. Cells expressing the FGFR3 shRNA increased in number at a slower rate compared to vector and nonspecific shRNA controls (Figure 4a) . The difference in cell number was due to changes in proliferation and not apoptosis as no difference in acridine orange staining (apoptosis marker) was observed between cells expressing FGFR3 shRNA and vector or non-specific controls (data not shown). To determine if the change in proliferation rate was a specific effect of knocking down mutant FGFR3b, we knocked down wild-type FGFR3b in TERT-NHUC. More than 80% knockdown was confirmed by real-time RT-PCR (data not shown). No change in morphology or proliferation rate was observed in shRNA treated TERT-NHUC compared to vector or non-specific shRNA controls (Figure 4a ). The ability of 97-7 cells to form colonies at low density was assessed by seeding 500 or 3000 cells in a 10 cm plate. Cells expressing FGFR3 shRNA showed reduced colony-forming ability (Figure 5a ). In addition, these cells showed a decreased ability to grow in agar (Figure 5b ). Colonies were smaller and fewer compared to vector and non-specific controls.
Reversal of phenotypic changes by re-expression of S249C FGFR3b
Specificity of shRNA remains one of the biggest obstacles for studying gene function using RNA interference. As shRNA knockdown was only achieved by one construct, we sought to validate the specificity of the FGFR3 shRNA in our experiments. The shRNA was targeted to the 3 0 untranslated region (UTR) of FGFR3 and this allowed us to re-express S249C FGFR3b from a cDNA clone that did not contain the 3 0 UTR. Re-expression of S249C FGFR3b reversed cell flattening (Figure 6a ). To confirm re-expression of FGFR3b we performed real-time RT-PCR (data not shown) and Western blots (Figure 6b ). These confirmed re-expression of mutant FGFR3b and demonstrated an increase in expression by approximately 20-fold compared with the parental cell line. Re-expression of S249C increased cell proliferation ( Figure 6c ) and colonyforming ability (Figure 6d ). Interestingly, overexpression of the mutant receptor caused a 10-fold increase in the number of viable colonies in soft agar. To control further for off-target effects of shRNA, we transduced two bladder cancer cell lines (UMUC3 and 5637) with shRNA. These cell lines express relatively low levels of FGFR3 ( Figure 1c ) and therefore any changes in phenotype would be owing to off-target knockdown. No change in morphology, cell proliferation or ability to form colonies was observed in either cell line (data not shown). This confirms the effects of FGFR3 shRNA observed in 97-7 cells were specifically owing to the knockdown of S249C FGFR3.
Discussion
Mutation of FGFR3b is the most common genetic event described in bladder tumours to date. Importantly, mutation is highest in the large group of low-grade noninvasive tumours that form the bulk of urologic oncology practise. Currently, little is known about the molecular changes that lead to development of these tumours. Although it has been clear for many years that there is frequent deletion of chromosome 9 sequences, the identity and role of the genes involved has not been clear and no other potential molecular markers or therapeutic targets had been identified until recently. Mutant FGFR3 now provides not only an objective marker that may be used to detect disease recurrence (van Rhijn et al., 2003) but also a potential therapeutic target that is present in up to 80% of these tumours.
The high frequency of somatic mutation in bladder cancer implies an oncogenic role for mutant FGFR3b. However, despite the correlation of mutation and expression with disease, which suggests a role in disease causation, functional studies in urothelial cells have been lacking. Our objective in this study was to examine the effects of specific inhibition of the receptor in tumour cells bearing the common S249C mutation to determine if mutant FGFR3b is a valid therapeutic target. We have demonstrated that levels of FGFR3 transcripts in bladder tumour samples follow the distribution of FGFR3 mutations, with significantly higher levels of expression in low-stage and grade bladder tumours than in invasive carcinomas. Two previous studies have reported on transcript levels in bladder tumour samples with broadly similar results. Levels of FGFR3 transcripts derived from expression array data for 22 tumours showed higher levels in pTa and pT1 compared to pT2 tumours and no detectable expression in normal urothelium (Gomez-Roman et al., 2005) . In a second study, FGFR3 levels were examined by semiquantitative RT-PCR, and comparable levels of FGFR3 were found in normal urothelium and tumours with no mutation (the majority of which were high grade and stage). To identify a bladder cancer cell line that expressed similar levels of FGFR3 to low-stage superficial UCC, we measured FGFR3 transcript levels and compared them to known mutation status in 26 bladder cancer cell lines. Only one cell line, 97-7, expressed FGFR3 transcripts at similar levels to low-grade UCC. Similarly, a previous report only detected FGFR3 expression in three of 17 bladder cancer cell lines (Bernard-Pierrot et al., 2006) . This low level of expression may be due to loss of expression of FGFR3 when tumour cells are cultured. We have previously observed that culture of normal bladder urothelium leads to a decrease in expression of FGFR3b and there are lower FGFR3b expression levels in proliferating cells compared to cells at confluence . All cells used here were harvested at subconfluence. Another contributing factor, not only to expression levels but also to the low frequency of FGFR3 mutation, is that the majority of bladder cancer cell lines have been derived from highstage and grade cancers. Indeed, the frequency of FGFR3 mutation and levels of FGFR3 transcripts found in these cell lines reflect those found in highgrade UCC.
The S249C mutation is predicted to induce disulphide bond formation by the introduction of an additional We demonstrated that this mutation both stabilized dimerization of FGFR3b and led to constitutive phosphorylation of the receptor in urothelial cells. Previous reports have described similar cysteine substitutions in FGFR3c that have also resulted in dimerization and ligand-independent activation (d 'Avis et al., 1998; Adar et al., 2002) . We achieved stable knockdown of both mutant and wild-type FGFR3 using retrovirally-delivered shRNA. This method has the advantage that the viruses infect a very high percentage of cells, yielding mass populations of transduced cells and so avoids potential problems with inter-clone differences that arise when using stable clones of transfected cells. This approach reduced FGFR3 transcript levels by up to 90%. Importantly, we have shown that knockdown of S249C FGFR3b in 97-7 cells inhibits not only proliferation but also anchorage independent growth and clonogenicity at low density both of which are phenotypic markers of transformation. Knockdown also caused profound cell flattening. No increase in apoptosis was found following receptor downregulation. This contrasts with the situation in multiple myeloma FGFR3 as therapeutic target in bladder cancer DC Tomlinson et al cell lines where following inhibition of mutant FGFR3b by shRNAs, there was an increase in annexin V staining 5 days after transfection which was accompanied by decreased expression of BCL2 and MCL1 (Zhu et al., 2005) . Similarly treatment of myeloma cells with a range of small molecule inhibitors that target FGFR3 was associated with an increase in apoptosis (Grand et al., 2004; Paterson et al., 2004; Trudel et al., 2004 Trudel et al., , 2005 . In these cells, apoptosis was markedly delayed compared with the rapid apoptosis seen in the same cells after treatment with chemotherapeutic drugs and FGFR3-associated apoptosis was associated with induction of markers of differentiation in the cells, including a significant increase in antibody light chain production (Trudel et al., 2004) . The urothelium does not show rapid cell turnover and as cells move to the superficial cell layer, differentiation is not accompanied by cell shedding or death but by prolonged quiescence. Thus, if mutant FGFR3 acts to prevent completion of a normal differentiation program as suggested in myeloma cells, then apoptosis would not be expected following inhibition of FGFR3 function. It will be important to examine markers of urothelial differentiation in bladder tumours with FGFR3 mutation and measure the effects of inhibition of FGFR3b on differentiation in vitro.
We have not been able to test the effects of S249C FGFR3b downregulation on the in vivo phenotype of 97-7 cells, as they not produce tumours as subcutaneous xenografts in immunodeficient mice. This may reflect particular dependence of these tumour cells on tissuespecific micro-environmental factors. In the future it will be important to assess tumorigenicity in the orthotopic site, to develop a model in which the effects of mutant FGFR3b and its inhibition can be tested in vivo.
In contrast to the effect of mutant FGFR3b knockdown in tumour cell lines, TERT-NHUC showed no significant phenotypic effects. This implies a dependence of the tumour cells on continued FGFR3b signalling as described for oncogenic stimuli in other tumour cell types, so-called 'oncogene addiction' (Weinstein, 2002) . Significantly this also shows that although TERT-NHUC express FGFR3b, there is no dependence on this for either survival or proliferation. This differential sensitivity may allow non-toxic targeted therapies to be developed.
A major problem with shRNA is off-target genesilencing (Birmingham et al., 2006) especially when only using one shRNA. To overcome this problem we reexpressed S249C FGFR3b using cDNA that did not contain the 3 0 UTR. Overexpression of S249C FGFR3b not only reversed the phenotypic changes but also dramatically increased the number of colonies formed in soft agar. This confirms that high levels of S249C FGFR3b expression may lead to increased phenotypic transformation of bladder cells. However, the high level of re-expressed S249C FGFR3b may have masked any off-target gene-silencing. To address this issue we expressed the shRNA in bladder cancer cell lines that express low levels of FGFR3. As we observed no changes in phenotype, we conclude that there were no significant off-target effects of the FGFR3 shRNA. Taken together, these results suggest that not only the presence of mutation, but also an increase in expression of mutant FGFR3b may contribute to tumour formation. If this relationship is confirmed in future studies, screening of bladder tumours by immunohistochemistry may have the potential to identify tumours that contain mutation, and are suitable for FGFR3-targeted therapy.
The finding of FGFR3 mutations predominantly in low-grade/stage bladder tumours and the more recent finding of mutations in human seborrheic keratoses but not malignant skin cancers raises the possibility that in at least some tissue types mutant FGFR3 contributes only to the development of benign or non-aggressive tumours. This does not seem to be the case in malignant myeloma where the presence the t(4;14) translocation, of which approximately 2% contain an FGFR3 mutation, is associated with poor prognosis (Intini et al., 2001; Keats et al., 2005) . In the urothelium where most FGFR3-mutant tumours are non-aggressive, it is possible that the oncogenic functions that confer a cellular selective advantage are subtle. It is known that FGFR functions show a high degree of tissue specificity with distinct cell type-specific effects (Eswarakumar et al., 2005) , indicating the need to assess function in relevant cells. S249C and the Y375C mutations account for the majority of mutations identified in bladder cancer (B80%) and evaluation of their oncogenic role is therefore of great interest. There is a recent report that Y375C FGFR3b plays a critical oncogenic role in the bladder cancer cell line MGH-U3, where siRNA or treatment with the small molecule inhibitor SU5402 inhibited proliferation and anchorage independent growth (Bernard-Pierrot et al., 2006) . Our results now provide the first evidence for an oncogenic function of the more common mutation, S249C, in urothelial cells.
Understanding of the genetic alterations present in human cancers has led to the development of several highly successful targeted therapies (Strausberg et al., 2004) . Already several potential approaches to targeting FGFR3 have been examined in multiple myeloma and promising responses have been obtained with small molecule inhibitors and antibodies both in vitro and in animal models (Grand et al., 2004; Trudel et al., 2004 Trudel et al., , 2005 Trudel et al., , 2006 Chen et al., 2005) . It has also been clearly demonstrated that several of the agents tested, directly affect the function of both overexpressed wild type and mutant FGFR3. In bladder cancer there is an urgent need for novel therapies for the large numbers of superficial tumours in which FGFR3 mutation is common (70-80%). There are also significant numbers of invasive bladder cancers with these mutations (B15%). Our present findings indicate that mutant FGFR3b acts as an oncogene in these tumours, that targeting of FGFR3b may be a valid therapeutic approach and that detailed examination of the effects of available inhibitors is now merited.
Materials and methods
Cell lines
Twenty-six bladder cancer cell lines were used; 97-7, RT4, RT112, 97-18, BFTC905, 97-29, SCaBER, DSH1, VMCUB3, FGFR3 as therapeutic target in bladder cancer DC Tomlinson et al SW1710, 96-1, VMCUB2, 97-24, J82, HT1376, 97-1, 647 V, 253J, BFTC909, TCCSUP, SD, JO'N, UMUC3, VMCUB1, 5637 and T24 . Cell lines were grown in standard growth media at 371C in 5% CO 2 . Primary NHUC or telomerase immortalized NHUC (TERT-NHUC) (Chapman et al., 2006) were derived from urothelium stripped from human ureters obtained at nephrectomy (Southgate et al., 1994) . NHUC and TERT-NHUC were maintained in keratinocyte serum free medium (KFSM) (Life Technologies Inc., Paisley, Scotland) supplemented with epidermal growth factor and bovine pituitary extract (Invitrogen, Paisley, Scotland).
Quantitative real-time reverse transcriptase-PCR for FGFR3 Total RNA was extracted from frozen tumour sections containing more than 90% tumour cells. RNA was extracted using Qiagen RNeasy Mini Kit (Qiagen, Crawley, UK) and 1 mg was reverse transcribed in the presence or absence of reverse transcriptase (Superscript II, Invitrogen, Paisley Scotland) according to the manufacturer's instructions. Realtime RT-PCR analysis was performed using SYBR Green I as reporter and ROX as reference dye (Perkin-Elmer, Applied Biosystems, Cheshire, UK). FGFR3 specific primers and succinate dehydrogenase subunit A (SDHA) control primers were used as described previously .
shRNA constructs
The shRNAs were cloned into pGEM-T easy containing a U6 promoter (kind gift from Dr D Takai (Matsukura et al., 2003) ) flanked with EcoRI and XhoI restriction sites. The plasmid was digested with SphI (New England Biolabs, Hertfordshire, UK) and treated with Klenow fragment (New England Biolabs). The linear blunt-ended plasmid was ethanol precipitated and digested with ApaI (New England Biolabs). Oligonucleotides targeting FGFR3 or a non-specific target (for the successful FGFR3 shRNA -forward oligo 5 0 -GTTTATTCCGGAAAC TAGTTTCAAGAGAACTAGTTTCCGGAATAAACTTTT TGGGCC-3 0 , reverse oligo 5 0 -CAAAAAGTTTATTCCG GAAACTAGTTCTCTTGAAACTAGTTTCCGGAATAAA C-3 0 , and non-specific control -forward oligo 5 0 -CTTCAGC CGTTACGCTCGGTTCAAGAGACCGAGCGTAACGGC TGAAGTTTTTGGGCC-3 0 , reverse oligo 5 0 -CAAAAACTT CAGCCGTTACGCTCGGTCTCTTGAACCGAGCGTAAC GGCTGAAG-3 0 ) were annealed, resulting in a fragment containing a 5 0 blunt end and a 3 0 ApaI restriction site overhang, and cloned into the restriction digested plasmid, to create pGEM-shRNA-U6. pRetroSuper-puro (pRS-puro) was generated by replacing the hygromycin resistance gene from pRS-hyg (Voorhoeve and Agami, 2003) with a puromycin resistance gene. The H1 promoter was removed from pRSpuro using EcoRI and XhoI restriction enzymes, and replaced with the shRNA-U6 restriction digested from pGEM-shRNA-U6 with the same enzymes.
Cloning of S249C FGFR3b, production of retroviruses and transductions We used site directed mutagenesis on FGFR3b cDNA to create S249C FGFR3b. The mutation was verified by sequencing and S249C FGFR3b was subcloned into a retroviral expression vector (pFB-neo, Stratagene, La Jolla, CA, USA). FGFR3b, S249C FGFR3b and shRNA constructs were transfected into Phoenix A packaging cells (ATCC), using siPORT XP-1 transfection agent (Ambion, Huntingdon, Cambridgeshire, UK). After 48 h, medium was harvested; 0.4 mm filtered and mixed in equal amounts with fresh medium containing 8 mg/ml of polybrene (Sigma, Poole, UK). Cells were incubated with retroviral supernatants for 8 h. Fortyeight hours after transduction, cells were transferred into selection medium containing puromycin or neomycin.
Western blotting and immunoprecipitation Cells were lysed in RIPAE buffer (1% Triton-X 100, 1 mM ethylenediammine tetraacetic acid, 0.1% sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate, 10% glycerol and protease inhibitor cocktail (Sigma) in phosphate-buffered saline (PBS)) and lysates cleared by centrifugation at 10 000 r.p.m. at 41C. The protein concentrations were determined using the bicinchonic acid (BCA) assay (Pierce, Rockford, IL, USA). Immunoprecipitation of FGFR3 was carried out at 41C. Lysates were incubated overnight with the extracellular (E) FGFR3 antibody (Sigma) and mixed by rotation. Lysates were mixed with protein A-sepharose beads (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) by rotation for 2 h, centrifuged at 1000 r.p.m. for 1 min and the beads washed twice in lysis buffer. Beads were resuspended in sample buffer (Laemmli, b-mercaptoethanol), boiled for 3 min, centrifuged for 1 min at 13 000 r.p.m. and proteins resolved in a 7% SDS-polyacrylamide gel. Proteins were transferred to polyvinylidene fluoride membranes (Amersham Biosciences) and incubated in blocking buffer (5% bovine serum albumin in PBS 0.1% Tween) followed by incubation with 4G10 anti-phosphotyrosine antibody (Cell Signaling, Danvers, MA, USA) or FGFR3 B9 antibody (Autogen Bioclear, Calne, Wiltshire, UK). Bound antibody was detected using anti-mouse horseradish peroxidaseconjugated antibody and chemiluminescence (ECL Plus Kit, Amersham Biosciences). Blots were stripped in 50 mM Tris pH 7.5, 10 M urea at 551C for 1 h, before re-probing with FGFR3 B9 antibody as a loading control.
Immunofluorescence Cells were cultured on sterile coverglasses and fixed for immunohistochemistry with ice-cold methanol. Cells were blocked in 1% milk, and incubated with rat anti-a-tubulin (Serotec UK, Oxford, England) diluted in 1% milk for 1 h. Coverglasses were washed in PBS, and incubated with AlexaFluor 488 goat anti-rat IgG (H þ L) secondary antibody (Molecular Probes, OR, USA). Immunolocalization of atubulin was performed using a Zeiss AxioVert 200 microscope.
Phenotypic assays
For growth curves, 3 Â 10 4 cells per well were plated in six-well dishes. Cells were counted in triplicate wells on day 1 and at three other time points up to day 8 (n ¼ 3). The ability of cells to form colonies at low density was assayed by plating 3000 or 500 cells in 10 cm dishes and culturing them for 12 days (n ¼ 3). Colonies were fixed and visualized using 1% methylene blue (Sigma) in 50% ethanol. For assessment of anchorage independent growth, 1 Â 10 5 , 5 Â 10 4 or 1 Â 10 4 cells, in duplicate, were suspended in 0.3% agar in medium and cultured for 21 days (n ¼ 2). Cultures were fed weekly with 0.3% agar. Viable colonies were identified by overnight staining with p-iodonitrotetrazolium violet (Sigma).
